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STATUS OF RESEARCH INTO LIGHTNING EFFECTS ON AIRCRAFT

J. A, Plumer
General Electric Company

SUMMARY

Developments in aircraft lightning protection since 1938 arce briefly noted.  Poten-
tial lightning problems resulting from present trends toward the use of electronic con-
trols and composite structures are discussed, along with presently available lightning
test procedures for problem assessment. The validity of some procedures is heing
questioned because of pessimistic results and design implications. An in-flight meas-
urement program is nceded to provide statistics on lightning severity at flight altitudes
and to enable more realistic tests, and operators are urged to supply researchers with
more details on electronic components damaged by lightning strikes. A need for review
of certain aspects of fuel system vulnerability is indicated by several recent accidents,
and specific areas for examination are identifird. N2w educational matcerials and stan-
dardization activities are also noted.

INTRODUCTION

The widesprecad concern about the effects of lightning on transport aircraft was per-
haps first evidenced by the formation in 1938 of the subcommittee on lightning hazards
to aircraft of the National Advisory Committee for Aeronautics (NACA).  This com-
mittee numbered among its members some of the most prominent flight safety, weather,
and lightning experts of the day. Among the latter was Dr., Karl B. McFachron, then
director of resecarch at the General Electric High Voltage Laboratory. who performed
for the committee the first man-made lightning tests on airceraft parts and structures,
During the later part of this committee's 12-year existence other organizations such as
the U. 8. National Bureau of Standards, the University of Minnesota, und the Lightning
and Transients Research Institute (LTRD also begain to conduct rescarch into tightning
effecets oa aircraft., Much of this research was sponsored by the NACA and its succes-
sor the National Acronautics and Space Administration (NASA), along with the Federal
Aviation Administration, the U.S. Air Force and Navy, and aircraft manufacturers and
operators.

For a long time the physical damage at the point of flash attachment to the aireraft
was of primary concern. Typical of the damage were holes burned in moetallic shins,
puncture or splintering of nonmetallic structures, and welding or roughening of movable
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hinges and bearvings. The ignition of the fuel was of particular concern, a8 wns the
problem of conduction of lightning current direetly Inside the aireraft vin long-wire an-
tennas. A considerable amount of rescarvch was also diveeted toward its cffects on peo=
ple, such as flash blindness and clecetrice shock.

The early rescarch led to the development of protective devices, including fuel
filler caps, which will not spark when struck by lightning: lightning arresters, which
safely conduct lightning currcnts from antcnnas Lo the airframe: diverter bars and
tapes, which minimize puncturces of radomes; and static dischargers, which reduce
electromagnetic interference in communications gystems.

In 1963 the fuel tanks of a Pan American Boeing 707 aireraft exploded in-flight ncar
Elkton, Maryland, after a lightning strike. The cxact source of the ignition has never
been established, but the explosion stimulated further reseurch into the effects of light-
ning on fuel systcms and fuel tank inerting systems. This rescarch has been instrumen-
tal in the development of active surge tank protection (STP) systems for extinguishang
flames ignited at vent outlets. The incorporation of much of this protection technology
into the design of modern transport aircraft is o principal reason for their present ex-
cellent safety record in the lightning environment,

The lightning-safety record is not quite as good for U.S. military aircraft, several
of which have been lost in recent years due to lightning strikes. The military have been
a traditional proving ground for new technology, and there mie several coneepts reach-
ing the application stage which may incrcase potential lightning hazards still further.
Fortunately, most of these possibilitics have been recognized and efforts are underway
to develop effective protection. Since some of this new technology will ceventually be
used in commercial aircraft, it is appropriate to review recent developments and iden-
tify the dircctions in which airveraft-lightning research should proceed in the future.

SYMBOLS

C capacitance of aircraft or lightning flash to its surroundings. I/m
¢y induced voltage between wires. V

e, induced voltage between wire and airframe. V

f frequency of traveling wave reflections at cither end of aireraft. Hz

iI lightning stroke current, A

L inductance of the lightning current flow path in aiveraft, il ‘m
( aireraft length, m

R radius of clectrostatic field, m
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Rs resistance of an airframe,

r racius of Heghting channel, m

T time for a traveling wave to travel the adveraft length and back, s
t time, 8

v velocity of traveling wave propagation, m/s

7 surge impedance, 2

@4 internal magnetic flux produced by lightning current, A/m

¢ external magnetic flux produced by lightning current. A/m

ELECTRICAL AND ELECTRONICS SYSTEMS

In recent years it has become apparent that lightning =trikes may indircetly affect
electronic equipment located elsewhere in the aireraft from the point of lightning attach-
ment. kxamples of this are the interference or damage to instruments and power dis-
tribution systems summarized from a sampling of 214 airline lightning strike reports in
table I. Another example which causced more alarm among safety experts was the light-
ning strike to the Apollo 12 vehiele which disrupted the command module power system
after lift-off.

The cause of these indirect cffects was thought to be the clectromagnetic fields
associated with lightning currents flowing through the airceraft. Rescarch (ref. 1) beguan
in 1967 to determine the coupling mechanisms involved and the potential impact that
these indirect effects might have on equipment operation and flight safety. Briefly, it
has been confirmed that, when lightning currents flow through an aircraft. magnetic
fields are produced and structural voltage rises occur which couple transient voltages
into the vehicle's electrical wiring (as shown in fig. 1). In some cascs these voltages
arc high crough to damage solid-state clectronic equipment to which the wiring is con-
nected. Unlike other aspecets of airveraft design, there are no specifications or stand-
ards which say what level of transient voltage . picce of apparatus must withstand or
conversely, what levels the transient voltages must not be allowed to exceed in vehicle
wiring. This incompatibility between the transient withstand capubility of clectronic de-
vices and the transicnts to which they arc exposed is not limited to the ucrospace in-

dustry but is one which is appearing to some degree wherever solid-state electronies
are used, with a wide range of unfortunate consequences.

Some idea of the actual transient voltages that lightning may pioduce in an air-
craft's electrical civeuit might be obtained by passing simulated lightning currents
through an airceraft and measuring the voltages induced.  Fxisting generators, however,
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are Incapable of foreing the Nigh coprent - Wi Bo 200 000Ny s aciatod With o cevepe
Hghtning strike through o test civenit o Evvpe o complens abvevatt, Foen il iowere
possible, most owners would, understimdably . hesrale to allons (s wach curvent to bhe
passed through their aiveraft, Therelove, ander sponcorship ol the NASA Acraspaec
Safety Rescarveh and Data Institute g nondestractive teat called the Hphting, transiont
analysis (LTA) (vef, 2) wis developed, o 11A fmpolse currents as low o 171000 of
that expected in an actual Lightning, steile are passed though the alrevaft bhetw een typi-
cal lghtning attachment pointes Voltages induced by these currents are then lincarly
extrapolated to full-scale lovels, Comparison of voltages indiaeed by L'TA and tull=scale
test currents have confivmoed that linen estrapolation i valic in most situntions,

Typical wire=1o-wire wd wire-to<airfemne valtages induced by L'UA test currents
In a fighter aiveraft (ref. 3) wire hundle dre shown m tigure 2, When 400 EMPeres was
fmpres+ed upon the alplane. the peak voltage measuraed hetween cither wire and the
airframe was 2,41 volts (left oscillogramy, A lincuar extrapolation to a severe lightning
stroke of 200 000 ampers would induce
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between thesc wires and strframe ground at plos P22 The asured voltage hetween
the two wires (right oscillogram). howeve roestrapolates o only about 350 volts.  This
result illustrates the bencfit of two-wire tindependent return) civeuits over single-wire
and airframe return. The benefit comoes from the smaller cireuit loop through which
magnetic flux may pass as compared with the single wire and airtrame return.  On the
other hand, the two-wire method requires more wire wnd this may be undesirable from
weight and cost standpoints.

Whether the two-wire or any other protective scheme (with othey penaltios) provides
sufficient protcction or is cven hecessary ot all depends on the actual teansiont voltage
levels that may be induced and the upset er damage Ievels of the associated clectronices,
Because tools to calculate expected voltuge fevels by anady sis alone are not vet avail-
able, the LTA test has heen used fo eIl desagners whiat to expect in such airervaft ns the
NASA Flight Rescarch Conter Feg digitul- th-byvewirte aveplanc, the Navy — Lockheaod
S-3A antisubmarine warfare afreraft, and the USAE ~ General Invnamics Peio \ir Com-
bat Fighter. Lightning transiont analy sis techniques ave also heginning 1o be used to
certify new systems being installed on present transport ai re caft,

A large amount of induced voltage dot v has been obtained from these LEA tosts,
Perhaps Loecause direet effcets tests on sections ol ay aicerutt dor whivt o tew BOVOIN-
ment specifications are availuble) are ustedly porformed at the 200-Kkiloampere level,
the L'TA data have been extrapolated to this 1ovel tor do. WO puiposes  This has
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resulted in alarmingly high voltages betng prodicied for some eritieal clrenits, Ag
might be expected, the validity of these predictions s heing questioned by aireraft de-
signers who continually ask for proof that such voltages in fact oceur in flight and
whether 200-kiloampeve strikes really occur often enough to be the design tevel, The
Mereasing reliance on electronics to perform Light critical functions, as in fly-by-wire
flight controls without mechanical backup, memns that reliable values must be available
for design purposcs, since indiseriminate application of protective shielding and surge
suppression devices would impose unaceeptable size, weight, and cost penalties.

There arc other aspects of the induced voltage problem which also are not well
understood. For example, certuin of the induccd voltages bear a clear mathematieal
relationship to the lightning current which causies them.  But other voltages, sometimes
superimposed on the familiar ones (as shown in fig. 3), scem {o bear none. While of
short duration, they are often among the highest voltages measured and thus the deter-
mining factor in protection decisions. It has been suggested by I'isher (ref. 4) that
these voltages arc induced by traveling curvent wave rcflections exeited in the airframe
when the lightning flash first strikes the aiveraft. ‘These reflections would arise be-
causc of the prabable diffcrences in the surge impedance 7 of the lightning flash chan-
nel and the aircraft (fig. 4). The velocity v ol the traveling waves in the aircraft
would be that of light, 3 10 meters per sceond, and the period of oscillation would be
preportional to the length of the aircraft.

The voltage of figure 3{c) was induced i an aircrall whose jength € is 13 meters,
for which the period T of one complete down-and-back eycle would be

2 26 m

T=20_

Vooa0® /s

= 4,67 107 4

and the frequency f of repeated cveles would be

[=24 < 11.53 Milzs

If a current of this frequency had been in b airframe. it could have induced a volt-
age of the same frequency in the aiveraft's electiical civeuits. A frequency of this or-
der is indeed evident in the wiuceed voltage vscillogram ot tigure Sy, The question s,
Do these oscillations actua.iv oceur in nirevalt struck in flight or are they caused only
by the LTA test?  The expianation of figpure | depends on e incquality hetween the surge
impedance of the lightning channel and that ol the ajvecaft. Bewley (ref. 5 defines the
surge impedance of o lightning strohe n terms of the vadive ¢oof the Hghining chunnel

141

-~




YA

and the radius R of the electrostatic field duc to the volume of the cloud that partici-
pated In the discharge, as follows,
Z =60{log R_1
r 2

And Bewley calculates values of between 100 and 600 ohms for typical strokes. The
surge impedance of the aircraft is determined from its lengthwise distributed induc-
tance L and capacitance to its surroundings C by the relation:

A conductor as large as an aircraft would have a low inductance and relatively high
capacitance. Assuming the inductance to be 0.1 microhenry per meter and the capaci-
tance to be 50 picofarads per meter, then the surge impedance of the aircraft would be

-6
7 =‘/0.1><1o H/M o 4y 09
50x10"12 F/m

which is considerably less than that of the lightning stroke. The reflection and refrac-
tion coefficients defined by Bewley (ref. 6) for an aircraft of this impedance are calcu-
lated in figure 4, where the surge impedance of the lightning channel is taken for con-
venience to be 450 ohms. These calculations show that the initial peak of traveling wave
current in the airframe could be 1.8 times the amplitude of the incident lightning cur-
rent. A current of this magnitude and frequency might well induce the kind of voltage
shown in figure 3(b).

There could be no better way of confirming the existence and severity of these volt-
ages than by an in-flight data gathering program. Instrumentation technology has ad-
vanced to the point where it should now be possible to develop small instrument pack-
ages capable of measuring and recording the magnitudes and waveforms of actual light~
ning currents and the voltages they induce in aireraft cireuits. Such instruments might
be installed in commercial transport aircraft and monitored for several years to obtain
a good sampling of data on the real life environment they experience.
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UKL SYSTEMS

Stimulated in purt by the Elliton aceident and also by the SST development program,
a large amount of research was conducted during the 1960's to determine mechanisms
by which lightning strikes might ignite flammable vapors in aircraft fuel tanks and to de-
velop protective measures.  Emphasis was placed on integral wing tanks and associated
vent systems.  The rescarch led to the development of methods to extinguish fires that
originated at vent outlets or to prevent their ignition in the first place. Successful test
techniques have also been developed (refs. 7 and 8) to cnable the definition of safe thick-
ness for integral tank skins of various metals. A large amount of data such as that
shown in figure 5 is on hand rclating skin materials and thicknesses to the lightning en~
vironment. These protective measures and test techniques are in use today by the
major airplanc manufacturcrs and have contributed to greater flight safety.

Since 1971, however, at least threc accidents involving in-flight explosion of fuel
tanks and suspected lightning strikes have occurred. These accidents again bring up
the issue of fucl system vulnerability. The earlier focal points of vent systems and skin
punctures appcar not to have been involved in these accidents (a USAF KC-135, a USAF
F-4, and an Iranian Air Force B-747), yet there is evidence that lightning could have
struck these aireraft at or about the time the explosions occurred. The exact mech-
anism of fuel ignition has not been found in any of these cases. The accidents there-
fore indicate a need for a reexamination of fuel system vulnerability to lightning.
Whereas most earlier research dealt with ignition sources originating at the arc attach-
ment point, less is known or documented about the effects of lightning current conduc-
tion through typical fucl tank structures and associated plumbing, Airworthiness Stan-
dards such as the U.S. Federal Aviation Regulations Part 25 (ref. 9) pertaining to fuel
systems specify that the ignition of fuel vapors by stroke attachment or steaming shall
be prevented, but do not appear to place equal stress on the effects of current conduc-
tion through the airframe. The lightning tests that are suggested in an associated
document (ref. 10) relate primarily to proof against sparking from stroke attachment to
access doors, filler caps, and the like. The cmphasis in existing military standards is
the same (ref. 11).

With reference to figure 6, some aspects of fuel systems that might bear further
cxamination are

(1) Mechanical bonding - Does the bonding together of integral tank walls, ribs,
spars, and skins provide adequate electrical bonding for lightning currents? Are there
any conditions in prescnt constructions that may result in an electrical spark? If not,
how much margin of safety exists?

2) Fuel system lines and fittings - llow much lightning current may actually flow
in the vent lines, fuel lines, hydraulic lines, cte., present in typical fuel tanks? How

343

: ST e il DT R L il i i e . R LGP EAL L
N e R Rd T FITTITN T L Laeaa g e
o w v . - o < ) 53 Cam— R il s
- o D I N o o " - N w o= v "

-




does the current get into and out of this plumbing? Cun sparks occur ncross joints and
ccuplings?  To what extent, if any. do procedures to prevent excessive vibration of
lines and fittings (per FAR nt, 25, par. 25, 993) degrade clectrieal bonding among sec-
tions of lines and beiween lines and structures ?

(3) Electrical sparks - If cleetric current is flowing from onc metallic clement to
another, what conditions of current amplitude, waveshape, contact resistance, relative
motion, and corrosion must exist to cause a spark? Much is known about how much
clectrical energy must be !ischeiijed through a spark to cause ignition, but this param..
cter is hard to equate in terms of lightning current. How much electric current does it
take to cause a spark sufficient to ignite fuel?

(4) Electrical apparatus inside fuel tanks - Are fucl tank electrical parts, such as
pump motors, valves, and fuel quantity probes, really as immune to sparking as their
manufacturers say they are? What about lightning-induced voltages brought to these
items from electrical circuits that run outside of the fuel tanks. and which may there-
Sore be outside of the fuel system designer's control?

(5) Yuel - The three aircraft mentioned above carried JP-4 fuel which has a wider
flammability envelope than the aviation kerosenes commonly used by U'.S. commercial
airlines. How much safer is Jet A than JP-4 under the conditions in items (1) to (4)
which muy causc sparking?

() Design guidelines - What, if any, ncew design guidelines should be followed to
overcome the situations in items (1) to (4) which may result in sparking?

Answers to these questions could probably be obtained from a combination of basic
rescarch into sparking mechanisms of metals in various types of contact with one
another and an extensive serics of carefully instrumented laboratory tests of typical
aircraft fuel tanks, including, especially, integral tanks in wings. Included in these
tests would be full-scale simulated lightning currents conducted through the tanks with
ignitable hydrocarbon-air mixt-res inside.

STRUCTURES

Recent emphasts in lightning protection of structures has been placed on the fiber-
glass, boron, and graphite re; lorced composites which are beginning to replace con-
ventional aluminum in some ap lications. Much is now known (refs. 12 to 14) about the
clectrical conduction propertic  of these materials and the degree of damage that spe-
cilic amounts of lightning curreats can cause. Protective coatings have been developed
to minimize this damage. and work is now underway to develop mechanical bonding and
fastening techniques which can safely conduet lightning currents without sparking or loss
of strength,  In some applications, such as engine fan blades, wing leading edges, and
fusclage skins, composites will not he exposed to diveet lightning strike effects, but in
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other cases these materials are being used where lightuing strikes frequently attach,
Initial experience has been with fiberglass and, though protected in many cases by me-
tallic diverter bars, fiberglass wing tips, radomes, and fairings have been extensively
damaged by lightning strikes as shown for example in figure 7. To date, none of this
damage has caused a fatal accident, but there have been some close calls. The protec-
tive devices designed for these structures have performed well under laboratory tests,
but their performance on an aircraft in flight has not been as good.

There appear to be several reasons for this poor performance. (See fig. 8.) One
is the presence of anti-erosion paints which are often applied over a protective diverter
on the real aircraft. Another is the way the nonmetallic part is attached to metallic
substructural elements, which are outside the control of the protection designer. Still
another is the continued use of the same type of electrical wiring inside the nonmetallic
structure as was used satisfactorily within the metallic structure it replaced, and yet
another - and possibly the most important reason - is a lack of knowledge of the basic
relation between the lightning flash and the aircraft during the formative stages of the
strike., This deficiency has limited our ability to simulate the real world in the labora-
tory and properly test protective diverters.

Improvements in understanding this situation can probably be obtained by in-flight
evaluations of the performance of protective devices against laboratory predictions, and
by use of more thorough instrumentation in the laboratory to obtain a better understand-
ing of dielectric breakdown processes in typical aircraft structures.

In addition to the dircct effects considered above, the potent:inl impact on electrical
and electronic systems of replacement of the aluminum skin with a composite skin re-
mains to be learned. Whereas aluminum skins provide sufficient shielding of many of
today's aircraft electronic systems, the absence of this property in a composite skin
(fig. 9), will expose internal wiring to much morc intense clectromagnetic fields and
require marked changes in electrical system design.

EDUCATION AND STANDARDIZATION
Since lightning may have some affect on nearly every system in an aireraft, suc-
cesful protection depends on many designers being aware of potential lightning prob-

lems. To improve this awareness, some educational materials are available which are
worthy of notc.

Educational Films

The U. 8. Navy Air Systems Command has prepared four educational films (ref, 15)
on the protection of aircraft against lightning., These are available from the Navy for
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loan to anyone desiring to introduce the subject to aircraft designers or operators,

In responsc to inquiries for more detailed information on protection of fuel and
electrical systems, the Navy is preparing two more films, which treat these subjects
in greater detail.

Lightning and Static Electricity Conferences

The Society of Automotive Engineers (SAE) Committee AE~4 on Electromagnetic
Compatibility together with (at various times) the U.S. Air Force, U.S. Navy, Royal
Aeronautical Society, and Institution of Electrical Engineers has conducted international
conferences on lightning and static electricity as applied to aircraft. These conferences
have proidded a forum for rescarchers to review advancements in the state of the art
every 2 years since 1968, Proceedings of each conference have been published (refs.
16 to 19).

Aircraft Lightning Protection Handbook

The Aerospace Safety Research and Data Institute of NASA Lewis Research Center
has sponsored a handbook on Lightning Protection of Aircraft by Fisher and Plumer of
General Electric, in which the results of many research programs are digested and pre-
sented in a manner uscful to aircraft designers and operators. This book is to be pub-
lished as a NASA Special Publication in 1976,

Test Standards

Lightning protection has suffercd in the past from a lack of lightning qualification
test standards which reflect the state of the art. Those that do exist (e.g., refs. 10
and 11) apply only to a few systems or components or are impossible to perform as
written and thercfore are subject to individual interpretations ard deviations. Accord-
ingly, a subcommittee composed of experts in lightning laboratories, industry, and gov-
ernment has been formed under SAE Committee AE-4 to draft lightning test waveforms
and techniques that would form the basis of new or updated government specifications.
This committce has completed its work on this task with the publication of a report de-
fining lightning test waveforms and techniques for acrospace vehicles and hardware
(vef. 20). The Committee is now embarked on an additional task of recommending tran-
sient test levels for acrospace electronies equipment.
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CONCLUDING REMARKS

One of the keys to unswering the lightning cffects questions raised in the preceding
paragraphs is a more thorough unde rstanding of the interaction between the lightning
flash and the aircraft in flight. The instrument development work and in-flight mca-
surement program nceded for this will require the efforts of several rescarchers, de-
signers, and opcrators of aircraft and will take a number of years to accomplish,

In the meantime, it is important that details of lightning strike incidents to aircraft
flying today arc recorded by the operators and made available to researchers, espec-
ially when there is interference or the malfunction of clectronic equipment aboard the
aireraft. For example, if an instrument is believed to be damaged by a strike, a de-
scription of any parts burned out and replaced by the repair shop would cnable research-
ers to get some idea of the magnitude of the induced voltage surge involved and the loca-
tion of the aircraft wiring in which it originated. Mecthods to provide protection against
similar incidents could also be developed from these data. Admittedly, it is difficult
to track component failurc information in the midst of the other requircments imposed
on operations personnel. yet these data are available now and would be extremely
valuable in achieving a better understanding of the indirect effects problem and design-
ing protection for future aircraft.
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TABLE [, = EXAMPLES OF INDIRECT EFFECTS IN
COMMERUCUIAL TRANSPORT AIRCRA¥T

| 214 lghtning strike reports, |

System Interforence | Outage

HF Comm - 5
VHF Comm 27 3
i VOR recelver 5 2
v Compass (all types) 22 9
; Marker beacon - 2
Weather radar 3 2

1Ls [ ...
ADF 6 7

Radar altimeter 6 -

" Fuel flow gage 2 -
-0 Fuel quantity gage -- 1
Engine rpm gages - 4
- Engine EGT gages - 2

’ét‘ Static air temperature gage 1 -—
J Windshield heater - 2

& Flight director computer 1 wan
— . Navigation light - 1

AC generator tripoff (6 {nstances of tripoff)
Autopilot 1 l -

\J
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‘ Figure 1.~ Induced voltage mechanisms.
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Figure 2.~ Typical induced voltages: wire~to~-wire and
wire-to-airframe.

(a) Waveform of
lightning current
and magnetic flux,

(b} Induced voltage
es %4‘ ‘LRS
= clear relationship,

{c) Induced voltage
e=fi?)
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Figure 3.- Relationship between lightning
current and induced voltages.
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Figure 4.- Traveling wave reflected in aircraft.
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Figure 5.- Lightning charpe requirved te puncture fuel
tank skins of various thickness (frow ref. 8).
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Figure 6.~ Areas for reexamination for lightning

effects in fuel systems.
= Figure 7.- Fiberglass structure damage by liyhtning.
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Figure 3.- Problems in protection of composite structures.
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Figure 9.- Mapnetic shielding property of composites.
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